Abstract
Introduction

There is firm evidence that, during the development of tissues and organs, form is imprinted in the stromal compartment, thus leading to the notion that the stroma can be considered not only as a mere packaging entity, supporting and protecting parenchymal cells, but also as a key regulator of tissue homeostasis, being involved in cell proliferation, survival, differentiation, metabolism and morphogenetic movements
 [1, 2] 
. In this line, peculiar stromal cells have been identified in the developing organs during pre-natal life and described as having numerous, long, thin cytoplasmic processes -or filopodes -which can be extended and retracted to form a sort of scaffold for migration of parenchymal precursors towards their appropriate locations to form a complex
tissue-specific architecture [3] . Such filopodes may correspond to the actin-containing cell extensions, called cytonemes, described in developing Drosophila and supposed to be responsible for some forms of long-range cell-cell communication aimed at coordination of morphogenesis [4] . Of note, stromal cells bearing long cellular extensions have been also described in most mature organs, although they have been long neglected and simplistically labelled as fibroblasts. However, this view is being rapidly changing due to the recent observations by Popescu and coworkers who found stellate-shaped stromal cells occurring in several adult tissues and organs, where they may represent a distinct cell type from the classical fibroblasts [5] . [6] . Indeed, their peculiar ultrastructural phenotype is currently considered as the only reliable hallmark for these cells, which do not possess a unique antigenic profile [5] [6] [7] .
Based on their morphological similarity with interstitial Cajal cells, the smooth muscle pacemaker cells of the gastrointestinal tract, these special stromal cells have been initially termed interstitial Cajal-like cells, although this denomination has been soon felt inappropriate. Recently, for these cells, the specific, descriptive term telocytes (telos, i.e. provided with long-distance cell projections) has been chosen, and their processes have been termed telopodes
Interestingly, telocytes have been recently found in the human myocardium [5, 8] and, later on, identified in developing and mature hearts into specific microenvironmental sites [9] , the epicardial cardiogenic niches located at the areas of coronary artery branching [10] , intermingled with cardiac stem cells [5, 10] . The close interaction between these two cardiac cell types in the cardiogenic niches [10] has generated the interesting hypothesis that telocytes may be one of the cells involved in the cardiac morphogenesis [11] .
It has been reported that the epicardium plays a pivotal role in heart morphogenesis, as it is a source of mitogenic factors promoting cardiomyocyte proliferation and of instructive signals that direct myocardial tissue organization [12] . Moreover, a subset of epicardial cells, the epicardium-derived cells (EPDCs), was seen to undergo epithelial-mesenchymal transition and migrate into the originally acellular subepicardial space and subsequently into the myocardium, where they differentiate into various supporting cell types to the myocardium, including for instance coronary smooth muscle cells, interstitial and perivascular fibroblasts [13, 14] . However, the exact nature and role of the cells present in the subepicardial space during the early embryonic life remains to be elucidated [15, 16] . We recently supposed that such cells could include the telocytes [11] .
The aim of the present study was to provide further clues for the supporting role of telocytes in the architectural organization of the myocardium by studying their occurrence and relationships with cardiac muscle cells during cardiac organogenesis. To this purpose, we investigated morphologically the prenatal and postnatal mouse heart as well as primary co-culture of cardiac stromal and muscle cells isolated from newborn mice. 
Materials and methods
In vivo studies
In vitro studies
Hearts from 0-to 1-day-old newborn mice were used to obtain primary cultures of ventricular cardiac muscle and stromal cells, according to the previously described method [17] few and scattered and tended to increase in number thereafter (Fig. 1H-K) . In the post-natal and adult hearts, vimentin ϩ cells featuring telocytes were observed in the interstitium to border the myocardial trabeculae (Fig. 1G-K) and interposed between neighbouring cardiomyocytes (Fig. 1J) .
Transmission electron microscopy
In the E14 and E17 embryos, numerous stellate cells featuring telocytes were observed in the subepicardial layer ( Fig. 2A-D) intermingled with immature cardiomyocytes, which grew as elongated clusters protruding towards the cardiac lumen (Fig. 2B-D) . These presumptive telocytes were provided with long processes emanating from an oval-shaped, small cell body which contained mainly free polyribosomes, and were surrounded by an electronlucent amorphous matrix (Fig. 2B-D) . In the P0 newborn heart, some putative telocytes retained a stellate morphology and were immersed in a loose extracellular matrix (Fig. 3A) , while others showed a more differentiated phenotype, with several rough endoplasmic cisternae within the cell body, and two/three thin processes (Fig. 3B) . These latter cells displayed the typical ultrastructural phenotype described previously for cardiac telocytes [5, 7, 9] . In the newborn heart, such telocytes were found closely Fig. 3C-E) . In some instances, the cell processes appeared to mould the apposed cardiomyocytes to acquire a typical bifurcated shape ( Fig. 3D and E) . At P6, typical telocytes clearly bordered the cardiomyocyte columns ( Fig. 4A and B) . In the adult hearts, the telocytes had a similar ultrastructural appearance and localization as those found in the newborn hearts; at this stage, the most striking ultrastructural difference was the occurrence of fully differentiated, closely packed cardiomyocytes (Fig. 4A-C) . Remarkably, multi-vesicular bodies apparently emanating from telopodes could be observed in the intercellular matrix (Fig. 4D) , suggesting the possibility that telocytes could interact with the surrounding cardiomyocytes through the release of exosomes [10] . (Fig. 5B) . Fig. 6A-D) . In the clusters, telocytes contributed to the formation of a complex organotypic structure made up of alternate layers of these cells and differentiating cardiomyocytes (Fig. 6A-C) . As observed in the developing hearts (Fig. 4B) , these telocytes formed a complex three-dimensional telopode network embracing the growing cardiomyocytes ( Fig. 6A and B) . These latter cells showed immature features, i.e. few myofibrillae and abundant electron-lucent glycogenic fields (Fig. 6A-C) , thus being similar to those found in the early embryonic hearts. Multi-vesicular bodies (Fig. 6A ) and discrete sites of close plasma membrane apposition, gap junctions and patches of moderately electron-dense material between the two types of cells were often observed (Fig. 6D) . 
apposed to primitive endothelial cells, recognized by the presence of a basal lamina and pinocytosis vesicles (Fig. 3B). They were intermingled with coarse buds of growing cardiomyocytes and established numerous interactions with the latter cells, in the form of both focal plasma membrane contacts and intercellular bridges of flocculent, basal lamina-like material (
Fig. 2 TEM. E14 (A, B) and E17 (C, D) embryos. A and C show the epicardium and subepicardial area: presumptive telocytes have blast-like features with free ribosomes in the cytoplasm in the early embryos (A) and several rough endoplasmic reticulum cisternae in late embryos (C). In
Fig. 3 TEM. P0 newborn. (A) A stellate telocyte with undifferentiated features is seen in the interstitial space between cardiomyocytes, immersed in a loose extracellular matrix; its thin processes are contacting the neighbouring cardiomyocytes. (B) A telocyte showing a more differentiated phenotype, with several rough endoplasmic reticulum cisternae, is closely apposed to a cardiomyocyte (bottom) and a capillary (cap). The interstitial space is narrowed. (C-E) the telocytes establish numerous interactions (arrows) with the adjacent cardiomyocytes, in the form of focal plasma membrane contacts and intercellular bridges of flocculent, basal laminalike material. In (D and E) the telocytes processes (asterisks) appear to mould the apposed cardiomyocytes to a bifurcated shape
In vitro studies on newborn mouse cardiac cell cultures
Confocal microscopy
Transmission electron microscopy Typical telocytes, substantially similar to those observed in the newborn and adult hearts, were commonly found within and around the cardiomyocyte clusters (
Time-lapse videomicroscopy
Discussion
The findings reported in this study indicate that a peculiar stromal cell type, the telocyte, is present in the mouse heart from embryonic to adult life and appears to be involved in myocardial compaction. [12] [13] [14] [15] [16] 24] . There is ample evidence that EPDCs are the source of the majority of the cells in the subepicardial space and, after migration into the developing myocardium, can give rise to vascular endothelial and smooth muscle cells and to adventitial and interstitial fibroblasts [15, 16] . This notion fits very well with our present data on the telocytes, which could well be a subpopulation of the EPDCs. In particular, the present study is consistent with the speculation that telocytes [5, 6, 8] , as well as in cardiogenic niches in close relationship with cardiac stem cells [10] . In these areas, at least some telocytes express the surface molecule CD34 [5, 8] , which is also expressed by cells of the endothelial lineage [25] . 
